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Fluorescence imagingtly introduced environment-sensitive ﬂuorescent membrane probe based on 3-
hydroxyﬂavone, F2N12S, in model lipid membranes displaying liquid disordered (Ld) phase, liquid ordered
(Lo) phase, or their coexistence. Steady-state ﬂuorescence studies in large unilamellar vesicles show that the
probe dual emission drastically changes with the lipid bilayer phase, which can be correlated with the
difference in their hydration. Using two-photon excitation microscopy on giant unilamellar vesicles, the
F2N12S probe was found to bind both Ld and Lo phases, allowing visualization of the individual phases from
the ﬂuorescence intensity ratio of its two emission bands. By using a linearly polarized excitation light, a
strong photoselection was observed for F2N12S in the Lo phase, indicating that its ﬂuorophore is nearly
parallel to the lipid chains of the bilayer. In contrast, the absence of the photoselection with the Ld phase
indicated no predominant orientation of the probe in the Ld phase. Comparison of the present results with
those reported previously for F2N12S in living cells suggests a high content of the Lo phase in the outer
leaﬂet of the cell plasma membranes. Taking into account the high selectivity of F2N12S for the cell plasma
membranes and its suitability for both single- and two-photon excitation, applications of this probe to study
membrane lateral heterogeneity in biological membranes are foreseen.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionLaterally ordered microdomains or “rafts” have received a large
attention since they are believed to be involved in the regulation of
various cell functions such as signal transduction, lipid trafﬁcking and
membrane protein activity [1–4]. These domains, deﬁned as liquid-
ordered phase (Lo) enriched in cholesterol, sphingomyelin and
glycosphingolipids, can be observed in model membranes as “rafts”
ﬂoating in a sea of loosely-packed domains enriched in unsaturated
phospholipids, i.e. liquid disordered (ﬂuid) phase (Ld) [5–8].
Visualization of lipid domains still remains a challenge especially
in cellular membranes. For this purpose, several ﬂuorescent probes
have been recently developed to visualize lipid domains by ﬂuores-
cence microscopy [9]. The most common one is the ﬂuorescently
labeled protein CT-B (from bacterium Vibrio Cholerae), which binds
selectively to the ganglioside GM1 component associated with rafts in
biomembranes [10]. On the other hand, most molecular membraneulfoxide; DOPC, dioleoylpho-
proton transfer; GUV, giant
, liquid disordered phase; Lo,
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l rights reserved.probes (lipid-like probes) are not suited for raft visualization in model
systems (or cell membranes) since they are excluded from Lo phases
[11]. Remarkable exceptions to this rule are provided by probes with
long alkyl chains, such as LcTMA-DPH or diI-C20, or polycyclic probes,
such as Terrylene or Naphtopyrene, which show high afﬁnity for
ordered phases in model membrane systems [11–14]. However, these
probes suffer from the dependence of their partition on the lipid
composition of the actual lipid domain [15]. Environment-sensitive
molecular probes, such as Laurdan [15–17] and its derivatives [18,19]
or di-4-ANEPPDHQ [20] constitute improved alternatives for raft
visualization in model systems and cells. These probes distribute in
both Ld and Lo phases of membranes and their emission color and/or
lifetime depends strongly on the local polarity, that in turn is related to
the actual phase state of the membrane. This property allows direct
visualization of membrane lateral heterogeneities in model and native
biological membranes. The search for new environment-sensitive
membrane probes remains an important issue in the development of
raft imaging tools for cellular applications.
Recently, we have introduced membrane probes based on 3-
hydroxyﬂavone, which due to their excited-state intramolecular
proton transfer (ESIPT) reaction exhibit a dual emission highly
sensitive to the environment [21–23]. One of these probes, F2N8,
being sensitive to membrane hydration [24], could clearly distinguish
Fig. 1. Chemical structures of probes F2N12S and F2N8 and the two expected ground state forms of probe F2N12S in lipid bilayers (schematically presented as a monolayer): H-
bonded with water (A) and H-bond free (B). Arrows show approximate orientation of the transition dipole moment (Δμ) of the ﬂuorophore.
Fig. 2. Fluorescence spectra of F2N12S in LUVs composed of DOPC (solid curve), DOPC
+35% Chol (dashed curve) and SM+35% Chol (dotted curve). Concentrations of lipids
and probes were 200 μM, and 2 μM, respectively. Excitation wavelength was 400 nm.
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dramatic variation in the ratio of its two emission bands [25].
However, ﬂuorescence microscopy studies in giant unilamellar
vesicles (GUVs) exhibiting both Lo and Ld phases, show that F2N8
partitions exclusively into the Ld phase (data not shown), and thus,
cannot be applied for lipid domain imaging. In the present project, we
selected the probe F2N12S (Fig. 1), a close analog of F2N8,
characterized by a longer alkyl chain and a zwitterionic anchoring
group. Unlike F2N8, F2N12S showed high selectivity to cell plasma
membrane andwas already applied for detection of apoptosis [26].We
observe that F2N12S binds both Ld and Lo phases in model systems,
allowing efﬁcient visualization of these phases by ﬂuorescence
ratiometric imaging.
2. Materials and methods
Dioleoylphosphatidylcholine (DOPC) andcholesterolwerepurchased
from Sigma-Aldrich (Lyon, France). Bovine brain sphingomyelin was
from Avanti Polar Lipids (Alabaster, USA). N-[[4′-N,N-diethylamino-3-
hydroxy-6-ﬂavonyl]-methyl]-N-methyl-N-(3-sulfopropyl)-1-dode-
canaminium, inner salt (F2N12S) was synthesized as described [26]. This
probe was pure according to thin layer chromatography, 1H-NMR data,
absorption and ﬂuorescence spectra in organic solvents.
Large unilamellar vesicles (LUVs) were obtained by the classical
extrusionmethod as previously described [27]. Brieﬂy, a suspension of
multilamellar vesicles was extruded by using a Lipex Biomembranes
extruder (Vancouver, Canada). The size of the ﬁlters was ﬁrst 0.2 μm (7
passages) and thereafter 0.1 μm (10 passages). This generates
monodisperse LUVs with a mean diameter of 0.11 μm as measured
with a Malvern Zetamaster 300 (Malvern, UK). LUVs were labeled by
adding aliquots (generally 2 μl) of probe stock solutions in dimethyl
sulfoxide to 2-ml solutions of vesicles. Since the binding kinetics is
very rapid for probe F2N12S, the ﬂuorescence experiments were
performed a few minutes after addition of the aliquot. A 15 mM
phosphate-citrate, pH 7.0 buffer was used in these experiments.
Concentrations of the probes and lipids were 2 and 200 μM,
respectively. Giant unilamellar vesicles (GUVs) were generated by
electroformation in a home-built liquid cell (University of Odense,
Denmark), using previously described procedures [28–30]. A 0.1 mM
solution of lipids in chloroform was deposited on the platinum wires
of the chamber and the solvent was evaporated under vacuum for
30min. The chamber, thermostated at 55 °C, was ﬁlled with a 300mMsucrose solution, and a 2-V, 10-Hz alternating electric current was
applied to this capacitor-like conﬁguration for ca 2 h. Then, 50 ml
aliquot of the obtained stock solution of GUVs in sucrose (cooled down
to room temperature) was added to 200 ml of 300 mM glucose
solution to give the ﬁnal suspension of GUVs used in microscopy
experiments. The staining of GUVs was performed by addition of an
aliquot of the probe stock solution in DMSO to obtain a 0.1 μM ﬁnal
probe concentration (ﬁnal DMSO volumeb0.25%).
Fluorescence spectra were recorded on a Jobin-Yvon Fluoromax 3
(Longjumeau, France) spectroﬂuorometer and corrected by subtract-
ing the spectra of the corresponding non-labeled vesicles. The
excitation wavelength of F2N12S was 400 nm. Fluorescence micro-
scopy experiments were performed by using a home-built two-
photon laser scanning set-up based on an Olympus IX70 inverted
microscope with an Olympus 60× 1.2NA water immersion objective
[31,32]. Two-photon excitation was provided by a titanium-sapphire
laser (Tsunami, Spectra Physics) and photons were detected with
Avalanche Photodiodes (APD SPCM-AQR-14-FC, Perkin Elmer) con-
nected to a counter/timer PCI board (PCI6602, National Instrument).
Imaging was carried out using two fast galvomirrors in the descanned
ﬂuorescence collection mode. Typical acquisition timewas 5 s with an
Fig. 3. Fluorescence intensity (A–D) and ratiometric (E, F) images of GUVs composed of
DOPC (A, C, E) and SM+35% Chol (B, D, F). Fluorescence intensity images were
recorded using 520 nm-ﬁlter (A and B) and 580 nm-ﬁlter (C, D). In the ratiometric
images (E, F) the color of the pixel represents the value of the intensity ratio 520/
580 nm, while the pixel intensity corresponds to the total number of photons collected
at both 520 and 580 nm channels. Two-photon excitation wavelength was at 830 nm.
Arrows indicate the orientation of the light polarization. Sizes of the images were
50 × 50 μ m (A , C, E) and 15 × 15 μm (B, D, F). Probe concentration was 0.1 μM.
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Images corresponding to the short-wavelength and the long-wave-
length emission bands were recorded simultaneously using a dichroic
mirror (Beamsplitter 550 DCXR) and two band-pass ﬁlters (Brightline
HC 520/20 and HQ 585/40) in front of the APDs. The images were
processed with a home-made program under LabView that generates
a ratiometric image by dividing the image of the short-wavelength
channel by that of the long-wavelength channel. For each pixel, a
pseudo-color scale was used for coding the ratio, while the pixel
intensity was deﬁned by the integral intensity recorded for both
channels at the corresponding pixel.
3. Results and discussion
On binding to LUVs, probe F2N12S shows more than 100-fold
increase in the ﬂuorescence intensity, so that the recorded ﬂuores-
cence spectra correspond exclusively to the emission of the probe
bound to the vesicles. Fluorescence spectrum of F2N12S in DOPC LUVs
is characterized by a broad short-wavelength band and a narrow long-
wavelength band (Fig. 2) which, according to our previous studies of
3-hydroxyﬂavone dyes in lipid vesicles [24], can be assigned to the
emission of the normal N⁎ (H-bonded and H-bond free) and tautomer
(T⁎, ESIPT product) emissive species, respectively. This spectrum is
very similar to that observed for its F2N8 analog [24], indicating thatthese two probes display a similar location in the lipid bilayer, as
expected from their high structural similarity (Fig. 1) Therefore, in
analogy with F2N8 [24], the two ground states of the F2N12S
ﬂuorophore (A and B, Fig. 1) are thought to be located in the region
of the ester groups of the lipids with slightly different positions and
orientations. Indeed, the H-bonded form (with water molecule)
exhibits probably a rather shallow location with a tilted orientation
in respect with the bilayer (A) while the H-bond free form is likely
deeper with a more vertical orientation (B).
In DOPC vesicles containing 35% of cholesterol (DOPC/Chol),
representing bilayers in a Ld phase, the short-wavelength band slightly
decreases (Fig. 2), indicating a slight decrease in both polarity and
hydration of the lipid bilayer [24,25]. Importantly, in LUVs composed of
sphingomyelin+35% cholesterol (SM/Chol), where a homogeneous Lo
phase is expected, F2N12S shows a dual emission differing from that in
the Ld phase by a large blue-shift of the short-wavelength band and a
strong decrease of its relative intensity (Fig. 2). According to our
previous studieswith probe F2N8, the strong differences in the spectra
of F2N12S in the two phases indicate a signiﬁcantly decreased
hydration of the Lo phase as compared to the Ld phase [25]. These
large differences in the spectra prompted us to apply the F2N12S probe
to visualize lipid rafts in giant unilamellar vesicles (GUVs).
We ﬁrst studied GUVs composed either of DOPC or SM/Chol,
representing pure Ld and Lo phases, respectively. The images were
obtained using a linearly polarized IR femtosecond laser source to
perform two-photon excitation of the probe. Two images were
recorded simultaneously at 520 and 580 nm, the two emission
maxima of the probe in DOPC vesicles. In our conditions (2.5 mW
excitation power at 830 nm, with 10–50 μs integration time per
pixel), the signal/noise ratio (N50) allows reliable ratiometric
imaging. Moreover, images could be recorded for minutes without
signiﬁcant loss of ﬂuorescence intensity, indicating a moderate
photo-bleaching of F2N12S with two photon excitation. The present
results are the ﬁrst demonstration of the suitability of a 3-
hydroxyﬂavone-based dye (F2N12S) for two-photon excitation
microscopy. From the images at two different wavelengths (Fig.
3A–D), a ratiometric images were obtained, where the color of each
pixel was associated with the I520/I580 intensity ratio, while its
intensity was associated with the number of counted photons (see
Materials and methods). The intensity ratio coded in color is
homogeneously distributed in both types of vesicles (Fig. 3E, F). In
full line with the spectroscopic data (Fig. 2), the I520/I580 ratio is more
than two-fold larger in DOPC GUVs than in SM/Chol GUVs.
While the ﬂuorescence intensity of F2N12S is homogeneously
distributed all over the DOPC GUVs (Fig. 3A, C, E), it depends strongly
on the orientation of the bilayer plane with respect to the polarization
plane of the excitation light in GUVs composed of SM/Chol (Fig. 3B, D,
F). The ﬂuorescence intensity is the highest when the light polariza-
tion is perpendicular to the lipid bilayer plane, while it is almost
negligible when the light polarization is parallel to the bilayer plane.
Similar effects of the light polarization on the ﬂuorescence intensity of
membrane probes were already reported for other environment-
sensitive probes, Prodan and Laurdan [15]. These two probes exhibit a
relatively large wobbling freedom in DOPC vesicles, due to the loose
lipid packing of the ﬂuid (Ld) phase, and, therefore, almost no
preferential orientation of the probe was observed. In this case, the
polarization direction of the excitation light has little inﬂuence on the
ﬂuorescence intensity of the probe. In sharp contrast, a liquid ordered
or gel phase imposes a nearly vertical orientation of Laurdan and
Prodan (and thus of their transition moments) with respect to the
plane of the lipid bilayer, giving a characteristic intensity distribution
close to that observed in Fig. 3 (B, D, C, F) [15]. Similarly to Prodan, the
transition dipole moment in F2N12S is nearly parallel to the
ﬂuorophore (Fig.1), due to the electron transfer from the dialkylamino
group to the carbonyl group [33,34]. In DOPC vesicles, the ﬂuorophore
displays both tilted (H-bonded, A) and nearly vertical (H-bond free, B)
Fig. 4. Fluorescence intensity (A–D) and ratiometric (E, F) images of GUVs composed of
DOPC/SM/Chol in the molar ratios 1/1/0.7. Two different individual GUVs are presented
showing small (A, C, E) and large (B, D, E) lipid domains. Experimental conditions are as
in Fig. 3. Arrows indicate the orientation of the light polarization. Size of the images was
45×45 μm.
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contrast, in vesicles composed of SM/Chol, representing Lo phase, the
H-bond free form with a vertical orientation largely prevails (Fig. 1B).
Moreover, in Lo phase characterized by high order and rigidity, a
minimalwobblingmotion of the probe in the ground state is expected.
Therefore, in the case of Lo phase the vertical orientation of the
F2N12S ﬂuorophore (particularly its transition dipole, Fig. 1B) in the
lipid bilayers should be rather uniform, so that the probe is efﬁciently
excited only when the light polarization is perpendicular to the bilayer
plane. Importantly, the observed color (i.e. the I520/I580 ratio) of the
GUV membrane in Lo phase is independent from the strong variation
of the intensity (see Fig. 3F, the only exceptions are the small regions of
the membrane parallel to the light polarization, where the intensity is
close to the background), thus, showing a key advantage of the
ratiometric signal of the probe to identify the membrane phase.
In a second set of experiments, we imaged GUVs composed of a
ternary mixture of DOPC/SM/Chol with molar ratios 1/1/0.7. The
intensity-based images and the ratiometric images are clearly hetero-
geneous, showing domains with different intensities and I520/I580
ratios (Fig. 4). Bycomparisonwith the ratiometric images in Fig. 3E, F, Ld
phase regions corresponding to high I520/I580 ratio (green) can be easily
distinguished from Lo phase regions, characterized by low I520/I580
ratio (pink). According to the images, the I520/I580 ratio in Ld phase
regions is 2–3 times as large compared to Lo phase regions, which is in
line with the 2.8 times change of the I520/I580 ratio (DOPC/Chol vs SM/
Chol) calculated from the corresponding ﬂuorescence spectra (Fig. 2).
Moreover, as expected from the different orientations of the probe in
the two phases, the regions displaying low I520/I580 ratios also show astrong dependence of the ﬂuorescence intensity on the direction of the
polarization of the excitation light, in contrast to the regions of high
I520/I580 ratios, where the light polarization effects are much less
pronounced (Fig. 4). The differences in the ﬂuorescence intensity
between the two phases (Fig. 4A–D) reﬂect also the higher afﬁnity of
the probe for the Ld phase as compared to the Lo phase. The preference
for the Ld phase is a common property of most ﬂuorescent dyes, since
this phase, being less densely packed, exhibits a larger number of
binding sites for guestmolecules.Nevertheless, in contrast to F2N8 that
binds exclusively to the Ld phase (data not shown), the partitioning of
F2N12S into both Lo and Ld phases is sufﬁcient for their successful
visualizationby ratiometric imaging. The signiﬁcantly higher afﬁnity of
F2N12S compared to F2N8 towards Lo phase can be explained by its
longer saturated alkyl chain (dodecyl vs. octyl) and the neutral
(zwitterionic) nature of the anchor group. Thus, probe F2N12S, being
partitioned in both Ld and Lo phases, allows their direct recognition by
meansof its intensity ratio signal. The ratiometric responseof theprobe
is especially attractive for imaging applications in model and cellular
membranes, because unlike the intensity-based imaging, the ratio-
metric imaging is not affected by inhomogeneous probe distribution,
photobleaching and power of the excitation light source [35].
The present results shed light on our previous data obtained with
probe F2N12S in living cells, where it was shown to bind selectively
the outer leaﬂet of the plasma membrane [26]. The ﬂuorescence
spectrum of probe F2N12S in CEM cells showed a remarkable
separation of the two emission bands (see Fig. 2 in ref [26]), indicating
a relatively low hydration of the probe surrounding. Thus, the position
of the short-wavelength band of F2N12S at 483 nm in cells is closer to
that in the Lo phase (LUVs made of SM/Chol, 470 nm) than in the Ld
phase (LUVs made of DOPC and DOPC/Chol, 511 and 513 nm,
respectively). This suggests that the Lo phase may constitute a large
fraction of the outer leaﬂet of the cell plasma membrane, in line with
the high sphingomyelin and cholesterol content reported for this
leaﬂet in normal eukaryotic cells [36]. However, the quantitative
description of the fraction of Lo phase in the outer leaﬂet is not
possible at this step since the inﬂuence of membrane proteins on the
probe response was not accounted in these experiments. Further
cellular studies using F2N12S are needed to better understand the
distribution of the Lo phase in the cell membranes.
4. Conclusions
The recently developed membrane probe F2N12S exhibits strong
differences in its dual emission in liquid ordered and liquid disordered
phases. Two-photon ﬂuorescence microscopy studies in GUVs show
that the probe partitions in both phases and allows distinguishing
them using ratiometric imaging. Moreover, the effects of light
polarization suggest that in the liquid ordered phase, the ﬂuorophore
displays a nearly parallel orientationwith respect to the lipid chains of
the membrane, while in the ﬂuid phase no predominant orientation is
observed. Thus, F2N12S probe, being a selective ﬂuorescent marker of
the cell plasma membrane [26], appears promising for investigating
lipid rafts in living cells by ratiometric imaging using either single- or
two-photon excitation. Cellular studies with F2N12S probe are
currently in progress and will be reported in due course.
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